Biomass, catchability, and natural mortality are key parameters in fish stock assessment. Yet, it is difficult to estimate these quantities, especially natural mortality, when only fishery data are available. Using a method of population depletion analysis, we estimated these population and biological quantities for the white banana prawn (Penaeus merguiensis) in Australia's valuable Northern Prawn Fishery. In addition, we directly included fishing power change over time. The models were implemented in a Bayesian framework by incorporating process error, observation error, and random variability for the underlying parameters. The posterior median initial fishable biomass ranged from 2000 to 7000 t year
Introduction
Biomass, catchability, fishing power change, and natural mortality are basic components of fish stock assessment. However, separating out each component is complex when only catch and effort data are available for a fishery. In this study, we consider the case of the white banana prawn (Penaeus merguiensis) component of Australia's Northern Prawn Fishery (NPF). The component is effectively a single-species subfishery within the larger NPF, separated from the other species both temporally and spatially. The banana prawn fishery has been traditionally managed by input controls. These include limits on the number of boats and fishing season length in combination with a catch rate trigger of 500 kg boat-day 21 for closure of the fishery. Recently, the Australian Fisheries Management Authority has considered introduction of output controls by setting a total allowable catch (TAC) (Buckworth et al., 2013) . Setting defensible TACs requires a good understanding of the population dynamics and fishing process, as well as the ability to predict future fishable biomass. To assess the desirability or otherwise of this proposal relative to current or alternative management arrangements, and to provide sufficient information for decision makers to set appropriate TACs, it is necessary to estimate key fishery quantities.
The banana prawn has a short lifespan and this valuable fishery almost totally depends on annual recruitment. Annual catches have varied from 2000 to 12 000 t between 1970 and 2010 (Woodhams et al., 2011) . This catch volatility is believed to be mainly driven by environmental variation, as catches correlate fairly well with rainfall (Vance et al., 1985; Staples and Maliel, 1994; Vance et al., 2003) . A new study (Venables et al., 2011) has improved predictive ability, potentially to the point of forming the basis of a defensible TAC. Hence, it is necessary to estimate key fisheries parameters to allow comparison of biological and economic performance between effort-based input controls and TAC-based output controls. Zhou et al. (2007 Zhou et al. ( , 2008 estimated annual biomass, catchability, and harvest rate for three white banana prawn stocks in the NPF (southeast Gulf of Carpentaria, east Gulf of Carpentaria, and Albatross Bay) from 1987 to 2007. These three stocks make up a large fraction (over 50%) of the total banana prawn commercial catches which are caught across 10 stock regions. Similar work has not hitherto been attempted for the entire NPF. Because fishing effort, as well as prawn abundance and distribution, may differ among stock regions, it is necessary to estimate biological parameters for the whole region. Further, Zhou et al. (2007 Zhou et al. ( , 2008 ) assumed a constant natural mortality of 0.05 week
21
, based on a study by Lucas et al. (1979) , in which it was stated (page 646): "From the size composition of the catch during the 1968 Weipa season, it is clear that recruitment of small prawns ceased by April. Using the catch per unit effort data from April to October, the average total mortality rate Z was estimated to be 0.046 week 21 (s.e. 0.010). . . . Lacking an independent estimate, we have taken M as 0.05 week
, the estimate of Z for the Weipa area in 1968". This early estimate of M, based on a single year in one stock area, has never been validated. Yet, it has been widely used by other studies and adopted for other similar prawn species in different regions (Somers, 1985; Wang and Die, 1996; Wang, 1999; Dichmont et al., 2003; Wang and Ellis, 2005; Tanimoto et al., 2006) .
In this paper, we extended the previous research on white banana prawns (Zhou et al., 2007 (Zhou et al., , 2008 by simultaneously estimating annual fishable biomass, catchability, and fishing power increase, with a focus on natural mortality. We used a Bayesian hierarchical approach (Zhou et al., 2011) with some modifications to demonstrate its utility for assessment of similar fisheries. We specifically included a "fishing power creep" parameter in the model as cooperation fishing efficiency has improved over time in this fishery. Furthermore, we took into account somatic growth during the fishing season (from April to June in most years) to minimize the potential effect of biomass increase even over such a short period. We used fishery data alone, and included catches from the entire NPF region to provide a full picture of the fishery. The results provide sound knowledge for the management of the white banana prawn.
Material and methods
We used logbook catch and effort information for 1987-2011. From 1986 onwards, the fishery was subject to a closure each year, usually in the period December-March. The white banana prawn fishing season lasts up to 2 months, occasionally longer, and then the fleet switches to catching tiger prawns. Such a short, defined but intensive fishing season provides ideal data for a Leslie or de Lury type of depletion analysis (Hilborn and Walters, 1992) to estimate fishable biomass, as well as harvest rate and catchability for each year.
From 1987 onwards, a declining trend in cpue during each fishing season has been typical. We assumed that recruitment into the catchable population and migrations into and out of the fishing grounds were negligible during the relatively short fishing season (Lucas et al., 1979) , although in years of high and late rainfall, recruitment of prawns into the fishery in some regions may continue through March, April, and even later.
The structural form of the population dynamics model considered is given in the below equation, where B y,t is the biomass of the white banana prawn in the NPF area in year y and period t, B y,0 the biomass at the beginning of the fishing season, C y,t the observed catch in weight, c y,t the estimated catch in weight, q y the catchability, E y,t the fishing effort, M y the natural mortality, and r t the somatic growth rate:
where the process error 1 B y,t
Normal (0, s B y ). Hence, the estimated B y,t is median-unbiased. The value of 0.5 in Equation (1) allows an approximation of continuous natural mortality and growth to occur in the middle of week t. That is, the relative change due to natural mortality and somatic growth, e 2M y (1 + r t ) is split into two equal intervals within each time-step t, one before the catch is taken and the other after the catch is taken. Catch in timestep t is estimated as: c y,t = q y E y,t B y,t e −0.5My (1 + 0.5r t )e
where the observation error 1 c y,t
Normal (0, s c y ). If we assume that all random errors come from catches, i.e. observation-error only models, then s B y = 0 in Equation (1). As the catchability coefficient q y is known to increase over time due to fishing technology improvement, it is estimated as a function of year y:
where a and b are parameters to be estimated and 1 q y Normal (0, s q ). Parameter b describes the trend of changes in catchability over year, referred to as "fishing power increase"; b is a close approximation to the fractional rate of increase in the deterministic component ( f ) of q, i.e. f 21 df/dy ¼ b(12f ) when f ≪ 1. The standard error s q determines the extent to which catchability varies about the deterministic trend over time.
The growth parameter was derived from the growth curve of carapace length and the relationship between size and weight (Lucas et al., 1979; Vance et al., 2003) . The relative growth is:
where W t is the average weight for males and females at time t, which can be derived from the allometric relationship with length L t :
where a m , b m , a f , and b f are the allometric parameters for males m and females f. We derive length L t from the von Bertalanffy growth model, L 1 (12e 2k(t2t0 )), by adopting the following parameters: asymptotic carapace length L 1 ¼ 40 mm for female and 36 mm for male; growth k ¼ 0.08 week
21
, and t 0 ¼ 214 weeks for both sexes (Lucas et al., 1979; Vance et al., 2003) . As no sex ratio data were available from commercial catch, we assumed the ratio was 50:50.
We compared a range of observation-error models and statespace models (i.e. including both observation and process errors). As our major interest was natural mortality, the most challenging parameter, we explored models having constant, varying, or fixed natural mortality over time. We also investigated hierarchical and non-hierarchical models, as well as various priors. The scope of this exercise is more extensive than the previous work on tiger prawns (Zhou et al., 2011) . We focus on and report the results from the following eight models: The natural mortality rate, M, in Models 1 and 5 was assumed to follow a lognormal distribution:
where m 1M and s 1M are constant priors (Table 1) . When varying natural mortality was assumed (i.e. for Models 2 and 6), we used a hierarchical structure:
where m M and s M are the mean and standard deviation, respectively. We set the across-year hyper-priors as m M Normal(m*, s*), where m* and s* are constants. Annual biomass at the beginning of the fishing season is modelled as
where m B0 and s B0 are the mean and standard error, respectively. Considering M ¼ 0.05 week 21 has been used widely in prawn stock assessments, when assuming one common natural mortality rate across all years, we set the mean prior for log M as log(0.05), i.e. assuming the median weekly natural mortality rate is 0.05 (the mean prior tends to be larger than 0.05). This value was again used as the mean of the hyper-parameter when annually varying M y was assumed. Modelling natural mortality as a hierarchical structure will better capture an overall average M for white banana prawns, as we assume natural mortality should be similar across years and our main interest is the average value that can be used for future stock assessments.
The initial fishable biomass at the beginning of the fishing season, B y,0 , was expected to fluctuate significantly across years, because fishable abundance of banana prawns appears to be largely driven by environmental factors, particularly the rainfall (Vance et al., 1985) . We tested a hierarchical structure for annual biomass. The resulting biomass over the 25 years tended to shrink to the mean value, just as expected for a hierarchical Bayesian model (Gelman et al., 2004) . We therefore decided it was unnecessary to capture initial biomass in a hierarchical structure, although natural mortality was modelled hierarchically. This is one of the modifications from the method described in Zhou et al. (2011) .
Bayesian inferential methods involve the hyperpriors, priors, parameters, and likelihood. The joint posterior distribution for all the parameters is
where the subscript dot notation denotes all values of y and t. The WinBUGS software (Spiegelhalter et al., 2003) was used in the analysis to sample parameters from this posterior distribution. For all priors, we chose a large variance, such as a coefficient of variation of 1. A too wide dispersion may cause difficulties in getting the MCMC process to converge. The variance components, i.e. the stochastic variability surrounding the catch, population dynamics, catchability, or uncertainty of hyper parameters, were modelled by the inverse-gamma distribution, with small a and b (e.g. 0.001), to make the prior distributions relatively uninformative but still proper (integrated to 1).
We set up three Markov chains and ran 10 000 iterations of the Gibbs sampler before taking posterior samples. We examined trace plots of the sample values over iterations to ensure that the simulation had stabilized and converged. With reasonably chosen initial values, the Bayesian models ran smoothly without abnormal behaviour. For all eight models, the chains typically stabilized rather quickly, with fewer than 5000 iterations. For generating summary statistics of the posterior distributions, we performed the sampling for an additional 60 000 iterations for each chain after thinning the chain by taking every tenth observation for the three chains. To assess the accuracy of the posterior estimates, we calculated the Monte Carlo error for each parameter (an estimate of the difference between the mean of the sampled values and the true posterior mean). The number of retained iterations ensures that the Monte Carlo error for each parameter is ,3% of the sample standard deviation. The deviation information criterion (DIC) (Spiegelhalter et al., 2002) was used as a primary measure for model comparison.
Results
The models captured the observed catch trend well and it was difficult to visually distinguish among the alternative models. To illustrate, Figure 1 shows the posterior catches from Model 5, the state-space model with a common natural mortality in all years. However, examining DIC and correlations revealed some differences among the eight models (Table 2) . Clearly, the state-space models (Models 5 -8) are superior to the observation-error models (Models 1 -4). By simultaneously including process and observation errors, the state-space models had lower DICs (54 less on average than the observation-error models), lower correlations between M and B y,0 (166% lower than the observation-error models), and lower correlations between B y,0 and q y (76% lower than the observation-error models). The state-space models also had lower observation errors, expressed by standard deviation (20% lower), mainly resulting from partitioning part of the total error into a process component. Within each of the two groups, the difference in performance was less pronounced. Models with annually varying M y (Models 2 and 6) were slightly superior to models that assumed a common M across all years (i.e. Models 1 and 5). Fixing natural mortality to either 0.05 or 0.025 slightly increased DIC, indicating poorer performance than the models that included M as a free parameter, particularly for fixing M ¼ 0.05.
The posterior key parameters, including initial biomass B y,0 , natural mortality M or mean from annual M y , catchability q y , and fishing power increase b, were very similar within each of the two major groups of models, except when M was fixed at 0.05. As the Getting all information out of logbooks 57 state-space models performed better, we focus on reporting these models where M is a free parameter.
The posterior median fishable biomass at the beginning of the banana prawn fishing season ranged from 2000 to 7000 t with a 95% CI between 1500 and 12 000 t (Figure 2, Table 3 ). It appears that the stock size has increased since 2007, presumably in response to favourable environmental conditions and lower fishing intensity (there are now fewer boats in the fishery, due to a major restructure in 2007). Over the 25 years, the average initial fishable biomass was 4500 t (90% CI from 2000 to 8000 t) (Figure 3 ). There were 6 years when the initial fishable biomass was .5000 t, while it was ,5000 t in 19 years. Based on the growth parameters, biomass increased by 7 -12% of initial biomass during the fishing season, after natural mortality and fishing mortality were taken into account for both remaining and removed prawns at the time of capture. We also computed the annual harvest rate during the banana fishing season based on total biomass (i.e. initial median fishable biomass B y,0 plus growth), as U y ¼ C y /(B y,0 + growth) (Table 3 ). This rate varied from 0.63 to 0.95 with a mean of 0.75.
The posterior median catchability varied from 3.8 × 10 24 to 7.3 × 10 24 boat-day 21 (Table 4 , Figure 2 ). Over the 25 years, the overall median catchability was 5.5 × 10 24 boat-day 21 (95% CI from 3.3 × 10 24 to 8.5 × 10
24
). The logistic model (3) resulted in an average fishing power increase [parameter b in Equation (3)] of 2.6% year 21 (95% CI between 0.5 and 4.7%). Using the posterior median a and b in Equation (3), a temporal increasing trend is clear (Figure 2 ). Deviation from this average trend [s q in Equation (3)] was 0.18. Most models, including those not reported here, indicated that weekly natural mortality over the fishing season was less than the widely used value of 0.05. Model 5 resulted in a median M ¼ 0.030 (95% CI from 0.009 to 0.073) and Model 6 estimated the average median M y ¼ 0.028 (95% CI from 0.008 to 0.070) (Table 5, Figure 4) . The observation-error models produced even smaller values (Table 5) (Figure 4) . In our models, the coefficient of variation for the posteriors ranged from 50 to 70%. As such, the 95% credible intervals of the two state-space models cover the assumed M ¼ 0.05 week
21
.
Discussion
Estimating NPF white banana prawn fishable biomass, catchability, natural mortality, as well as fishing power increase will become very important if the fishery managers introduce output controls. This is the first study that has attempted to derive these key quantities for the entire NPF area. Our results indicate that it is feasible to derive all these parameters by using logbook data alone. The biomass, defined as "fishable biomass", is the initial biomass available to the fishery at the beginning of each fishing season. This means that fishery data alone do not allow estimation of any possible population outside the fishing ground. Further, we assume the population is closed, i.e. no immigration and emigration during the fishing season. Juvenile prawns emigrate from inshore nurseries to offshore fishing grounds. This occurs mainly from November to February. It takes 1 month for the prawns to move into the commercial fishery (Staples and Vance, 1987) . Hence, recruitment into the fishery should be completed before the fishing season in April. Table 4 . Posterior catchability coefficient (q y × 10 24 ) from the state-space model with one common natural mortality (Model 5 in Table 2 ). 
Getting all information out of logbooks
The prawns have a lifespan ,2 years. The assumption of closed population should be reasonable for most years because of the short fishing season targeting the adult population. The results of field studies also affirm this in some regions (Lucas et al., 1979) . The models indicate that fishable biomass fluctuated between 2000 and 8000 t from 1987 to 2011. The resulting harvest rate for the whole NPF area is somewhat lower than that in the three major stock regions (averaging 0.85 in the southeast Gulf of Carpentaria, east Gulf of Carpentaria, and Albatross Bay; Zhou et al., 2008) . This is likely due to low fishing effort in other stock regions where abundance is relatively low. Similarly, NPF regionwide catchability is lower than in the three major stock regions, but is higher than that for fleets targeting tiger prawns (Wang, 1999; Zhou et al., 2011) .
Cooperation fishing power (or efficiency) often increases over time due to improvement of technology and fishers' knowledge. This is a critical parameter in stock assessment. A great deal of effort has been devoted to estimating fishing power in the NPF (Buckworth, 1987; Robins et al., 1998; Bishop et al., 2000 Bishop et al., , 2008 Kompas et al., 2004) . Bishop et al. (2008) found an increase between 0.3 and 11.7% per year from 1987 to 1999 for tiger prawns in the NPF. Values ranging from 1.79 to 2.82% have been used in recent annual stock assessments Bishop et al., 2008) . Zhou et al. (2011) also estimated catchability increase in the tiger prawn fishery, which averaged 2.1% per annum over the period 1980-2007. Our result for the white banana prawn fishery appears to be comparable with tiger prawns. There are several potential causes of fishing power increase (none of which is mutually exclusive). One of the major contributors is steady improvement in technology, including colour echo sounders, electronic navigation aids, and harvesting power of the vessels. Management measures such as the reductions in fleet size that have occurred since the late 1980s, reducing the fleet from 216 vessels participating in the prawn fishery down to just 52 vessels in 2007, could mean that the share of time fishers spend actively searching for concentrations of prawns has on average decreased each year-they search where prawns are most likely to be found, they compete less for the most reliable fishing locations. Average efficiency in the tiger prawn component of the NPF increased after the most recent buyback due to both the removal of less efficient vessels but also reduced crowding pressures . Additionally, there has been deterioration in the relative profitability over the last decades of fishing operations for domestically sold prawns (from this fishery, principally banana prawns). Prawn prices have been relatively static in nominal terms, and decreasing in real terms, over the last decade, while costs-particularly fuel costs-over this period have increased substantially (Pascoe et al., 2011) . Consequently, fishers have had less incentive to keep searching and fishing when catch rates are low, as the additional costs exceed the additional revenue. A reduction in searching time and spending less time when catch is low means an increase in observed catch per unit effort and in turn a higher apparent catchability.
Compared with biomass and catchability, estimates of natural mortality have higher uncertainty. This parameter is more difficult to estimate as it confounds with available biomass and catchability. In the state-space models (Models 5 and 6), it appears that the correlation coefficients (between natural mortality and initial biomass and between natural mortality and catchability) of 0.3 are reasonably small. Nevertheless, most of the models indicate that natural mortality during the short fishing season is smaller than the commonly assumed value of 0.05 week
21
. We tested the sensitivity of alternative priors and found that, although the posterior is fairly insensitive to the location parameter of the lognormal distribution, the scaling parameter can strongly affect the posterior distribution. For example, for the median M ¼ 0.05, when cv[M ] ¼ 0.3 and cv[M] ¼ 0.1 are used, the state-space models result in the median posteriors 0.032 and 0.046, respectively. Hence, we used relatively large variance, equivalent to cv ¼ 1, to minimize the influence of the prior. Considering alternative model results, we suggest that a value of M ¼ 0.03 week 21 should be appropriate. The low natural mortality rate is an unexpected outcome, because no similar phenomenon was seen in tiger prawn analysis (Zhou et al., 2011) . For tropical penaeid prawns, the typical average natural mortality rate is believed to be of the order of 2.4 + 0.3 per year for adults, equivalent to 0.040 -0.052 week 21 (Garcia, 1988) . We attribute our estimated low M to two potential factors. First, the population on the fishing grounds is not completely closed, i.e. new recruits may have moved continuously into the fishing ground during the fishing season, particularly at the beginning of the season. The additions to the biomass would slow the depletion process and mask the true higher natural mortality as well as higher catchability. Although immigration is also possible, particularly in years with later rainfalls, this may not be a major effect in most years.
The second reason is that natural mortality indeed is lower during the fishing season than in other periods of the prawn's life history. Garcia (1988) speculated that natural mortality was likely to vary seasonally and with size because of the seasonal changes in the feeding habits and the size preferences of the populations of predators. Unfortunately, no information is available on this aspect to date and natural mortality is always considered constant. What is well known is that banana prawns form dense aggregations during the fishing season in the NPF. Aggregations sometimes lift the sediments so that they are visible at the surface during the day as "mud boils" that can be seen from long distances (Die and Ellis, 1999) . Such aggregations can be easily found by "spotter planes". Crews can look for aggregations by eye and also use colour echosounders to identify marks on or above the seabed that show the presence of banana prawns. As such, it has been speculated that catchability is directly related to stock abundance and analysis of density-dependent catchability has been carried out (Die and Ellis, 1999; Zhou et al., 2007) . However, the effect of aggregation behaviour on natural mortality has not been examined for this species, although it has been hinted at (Die and Ellis, 1999) . On the other hand, there is substantial evidence that aggregations reduce predation (for example, see Foster and Treherne 1981) . Pitcher (1986) reviewed ideas about how shoaling fish may counter predator attack through avoidance, dilution, abatement, evasion, confusion, detection, mitigation, inspection, inhibition, and prediction. Predator avoidance and attack dilution are insufficient singly as general advantages to account for shoaling, but the two effects combined can lead to fish favouring shoal behaviour to mitigate attack. We believe aggregation behaviour in banana prawns may have significantly reduced the predation mortality during the fishing season.
